In this work, new coumarin based dyes for dye sensitized solar cells (DSSC) have been designed by introducing several substituent groups in different positions of the NKX-2311 structure. Two types of substitutions have been considered: the introduction of three electron-donating groups (-OH, -NH 2 , and -OCH 3 ) and two different substituents with steric effect: -CH 2 -CH 2 -CH 2 -and -CH 2 -HC=CH-. The electronic absorption spectra (position and width of the first band and absorption threshold) and the position of the LUMO level related to the conduction band have been used as theoretical criteria to evaluate the efficiency of the new dyes. The introduction of a -NH 2 group produces a redshift of the absorption maximum position and the absorption threshold, which could improve the cell efficiency. In contrast, the introduction of -CH 2 -CH 2 -CH 2 -does not modify significantly the electronic structure of NKX-2311, but it might prevent aggregation. Finally, -CH 2 -HC=CH-produces important changes both in the electronic spectrum and in the electronic structure of the dye, and it would be expected as an improvement of cell efficiency for these dyes.
I. INTRODUCTION
Coumarin dyes are one of the most promising classes of organic sensitizer [1] [2] [3] [4] for their use in dye sensitized solar cells [5] [6] [7] and they have been systematically studied by Hara and Arakawa. [8] [9] [10] [11] [12] [13] [14] They are based on the concept of the donor-acceptor π -conjugated structure (D-π -A), with the coumarin skeleton containing an amino group as the donor and a cyanoacrylic acid as the acceptor component. They are considered type-I dyes, in which electron injection occurs through an indirect mechanism: there is a photoexcitation of the dye to an excited state, followed by the electron injection from this state to the semiconductor conduction band.
A drawback related to these coumarin dyes is that they are liable to experience π -stacked aggregation on TiO 2 surfaces. This type of aggregation would be advantageous for light harvesting, but it usually leads to inefficient electron injection because of intermolecular energy transfer processes between the dyes, resulting so in low cell efficiency. A strategy to prevent dye aggregation is adding coadsorbates, like deoxycholic acid and 4-tert-butylpyridine. 13 Although these additives improve the electron injection, they significantly decrease dye adsorption limiting the cell performance. Another strategy that has been recently tested is to introduce a side ring in the molecule, linked to the alkene chain. This reduces the dye aggregation while keeping the adsorbed dye amount. 14 Although coumarin based dyes have been extensively studied in recent years, there are not many theoretical studies about them. [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] It is worth noting that up to date, all previous theoretical works are limited to the study of the electronic structure and the optical properties of free dyes and none of them tackles the influence of the adsorption process on the a) Author to whom correspondence should be addressed. Electronic mail:
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electronic absorption spectra of these dyes. However, in several recent works, it has been demonstrated that the dye adsorption process on the semiconductor produces a reorganization of the electronic states and this fact introduces important changes in the electronic absorption spectra. [26] [27] [28] Therefore, to theoretically determine the convenience of using these dyes as DSSC sensitizers, it is necessary to include the semiconductor effect explicitly in the model. In addition, the cluster size should be large enough to reproduce well the electronic structure of adsorbed dyes.
In a very recent work, several coumarin dyes have been theoretically studied with the aim of finding a relationship between some theoretically calculated properties and the efficiency of these dyes as DSSC sensitizers. 29 From these results, some parameters such as the position and width of the first band in the electronic absorption spectra, the absorption threshold and the LUMO energy respect to the conduction band edge have been chosen to establish useful criteria to evaluate the efficiency of these molecules as sensitizers in DSSCs. These criteria allowed evaluating, in good agreement with experimental evidences, the efficiency order for the studied molecules.
In this work, an example of how the previously established criteria can be employed to predict the efficiency of new dyes is shown. Our aim is to design new, more efficient sensitizers, reducing economical cost and synthesis effort. We have considered the NKX-2311 dye, which presents a good efficiency as sensitizer (5.2%) and whose electronic absorption spectrum has been previously studied in detail and has been reproduced accurately. 29 The calculated absorption spectrum for the free NKX-2311 presents a main intense band at 2.30 eV with a small shoulder at higher energies. This value is in good agreement with the experimental spectra, which presents the main band at 2.42 eV when the spectrum is registered in methanol solution. 8, 9 The main effect that can be observed in the spectra after adsorption is a widening of the first band, while the maximum position remains almost unaltered. The main band of the adsorbed NKX-2311 spectrum appears centered at 2.23 eV and is contributed from several excitations from HOMO orbital to different orbitals delocalized over the cluster. Nevertheless, all excitations with considerable intensity involve the LUMO+5 orbital, which is completely localized on the molecule, very similar to the LUMO of the free dye.
With the aim of designing dyes with higher efficiency than NKX-2311, several functional groups have been introduced in different positions of this molecule and its effect on the electronic structure and the absorption spectra of the dyes have been analyzed.
II. COMPUTATIONAL METHODS AND MODELS
Two complementary sets of calculations have been carried out for each model:
(1) DFT geometry optimizations have been done by using the Perdew-Burke-Ernzerhof (PBE) functional 30 together with norm-conserving pseudopotentials 31 in the fully non-local Kleinman-Bylander 32 form and an auxiliary real-space grid equivalent to a plane-wave cut-off of 130 Ry. A non-standard DZP (double zeta plus polarization orbitals) basis set of Natural Atomic Orbitals (NAOs) constructed from the eigenstates of the atomic pseudopotential was used. [33] [34] [35] The optical response was then computed using real time TD-DFT (time domain) simulations within the SIESTA (Spanish Initiative for Electronic Simulations with Thousands of Atoms) implementation. 26, [36] [37] [38] We consider, as an initial state, a system in a finite electric field of 0.1 V/Å. Each system was allowed to evolve during 36 fs with a time-step of 1.5 × 10 −3 fs. The damping factor used in the Fourier transformation was 0.1 eV. (2) Additionally, linear response (LR) frequency domain calculations were performed in the gas phase using the PBE functional and the 6-31G (d,p) basis set. The optical spectra were simulated by conventional TD-DFT (frequency domain) using GAUSSIAN 03. 39 Over 400 singlet transitions were needed in selected calculations. Before the spectrum calculation, vibrational frequency calculations were done to confirm the stability of all the optimized geometries.
There are some advantages associated with the real-time TD-DFT formulation: all the possible excitations are generated at the same time so the spectrum is obtained in a wide range of energy; the implementation is relatively simple and although the computational cost is not cheap for small systems, it becomes competitive with traditional methods as the system size increases. However, the main disadvantage is that it is not possible to characterize the nature of the different transitions because the optical response is obtained from the analysis of the electronic dipole moment, where the information from the wavefunctions is integrated. For this reason, the combination with frequency domain TD-DFT is very interesting.
In a previous work, the effect of the exchange-correlation functional and the solvent has been tested for coumarin dyes, and particularly for the NKX-2311. 29 Conclusions for that work have been extrapolated for the dyes considered here, which have similar structures. The frequency domain TD-DFT spectra have been calculated for the free NKX-2311 using the PBE and B3LYP functionals and with and without solvent effects (PCM model). 40, 41 This model provides reliable absorption energies as long as no specific interactions link the solute and the solvent molecules. 42, 43 The position of the main peak is shifted to higher energies when passing from the PBE to the B3LYP functional, in agreement with previous published data. 44 Compared to experimental spectra, PBE provides better results than B3LYP for NKX-2311 (although B3LYP works better when the molecule size increases). The inclusion of methanol solvation effects through a PCM model tends to reduce the excitation energies (about 0.2 eV), due to a stabilization of the LUMO orbital. Comparing with the previous work, we have also checked that the inclusion of longrange corrections in the functional and the use of additional diffuse base functions do not improve substantially the results for this particular dye. This is a consequence of the kind of excitation we are dealing with. As mentioned earlier, this kind of molecules work on an indirect mechanism (intramolecular excitation followed by an electron injection to the conduction band of the semiconductor). The molecules considered in this paper are not large enough to present a long-range intramolecular charge transfer (which could be underestimated by TD-DFT) and therefore, for these molecules, the photoexcited state shows a moderate charge transfer. Since for this concrete system there is not a clear choice, we have performed calculations with the PBE functional, which allows for an easier comparison between real-time and frequency calculations. An extended description of the solvent and functional influence is shown in Ref. 29 .
Several substituent groups have been introduced into different sites of the NKX-2311 structure with the aim of improving its efficiency as sensitizer. The substitution sites are shown in Figure 1 . Two types of substitutions have been considered. First, three different electron-donating substituents have been introduced in d position, -OH, -NH 2 , and -OCH 3 and the new dyes have been labelled as D1, D2, and D3, respectively. In a previous theoretical work, it is suggested that this kind of substitution in that position could lead to an improvement of cell efficiency, due to a destabilization of the HOMO orbital. 21 Second, we have introduced in the NKX-2311 molecule two different substituents with steric effect: (1) and -CH 2 -HC = CH-(2). Two groups of each substituent have been introduced in the NKX-2311 in three different combinations of positions (a and b, b and c, and c and e) resulting in six different dyes: AB1, BC1, CE1, AB2, BC2, and CE2. These models are summarized in Table I . The computational methodology has been applied to the free dyes and the same dyes adsorbed to a (TiO 2 ) 9 cluster. The starting geometry for this cluster was taken from the literature. 45, 46 It was obtained via the geometry optimization of the originally spherical shape resulting in a compact structure with only 4-fold coordinated Ti-atoms and with one terminal Ti-O bond. In previous works, 26, 27 we performed real-time calculations with clusters as large as (TiO 2 ) 38 and demonstrated that, even being a small cluster, (TiO 2 ) 9 is the minimal size required to reproduce adequately the electronic absorption spectra of the dye-TiO 2 systems. The (TiO 2 ) 9 cluster is affordable from frequency domain TD-DFT calculations, which allows for a full analysis of the spectra.
These dyes present two different conformations respect to the nitrogen atom of the unsaturated rings, syn and anti, which have been reported to be almost isoenergetic. 15 In this work, we have selected the syn conformer, which has also been used in previous theoretical studies. 16, 17 Nevertheless, it has been suggested from ab initio calculations that the absorption spectra of the syn and anti isomers are almost indistinguishable for a coumarin dye. 15 For D1, D2, D3, AB1, and AB2, two different conformational isomers exist. The configuration at the single bond between the coumarin moiety and the methine chain can have either an s-cis or s-trans arrangement. From previous calculations, we have seen that for NKX-2311, the s-cis isomer is slightly favored, due to the steric repulsion between the C=O group in the coumarin and the C-N group of the cyanoacrylic acid in the s-trans isomer. 29 Nevertheless, energy differences between both isomers are insignificant (less than 0.03 eV). Moreover, we have checked that the calculated electronic absorption spectra of both isomers are almost identical.
In this work, for each dye we have chosen the s-cis isomer whenever possible (there is only one possible conformation for BC1, CE1, BC2, and CE2). The dyes have been ad -FIG. 2 . Optimized geometries for the most promising dyes adsorbed on (TiO 2 ) 9 : D2 (left) and CE2 (right). Dyes are adsorbed dissociated, in a bidentate chelating configuration, with the two dye oxygen atoms bound to the same surface titanium atom and the dissociated hydrogen bound to an oxygen in the center of the cluster.
sorbed dissociated, forming a bidentate chelating structure, with the two dye oxygen atoms bound to the same surface titanium atom. To keep the system electroneutral, the dissociated hydrogen atoms have been bound to an oxygen atom in the center of the cluster (Figure 2 ). In a previous study, we have demonstrated that this adsorption mode is the most stable one for coumarin based dyes. 29 Furthermore, this chelating configuration is also found to be favorable for dyes containing carboxylate groups adsorbed on anatase surfaces. 47 To predict the new dyes efficiency, we have made the use of criteria published previously. 29 On comparing two dyes with similar structures, the light harvesting would be more efficient for the dye with a lower absorption threshold and a wider first band in the electronic absorption spectrum. Furthermore, the electron injection would be more efficient for that dye with the higher excited state related to the semiconductor conduction band edge. Therefore, we will use three criteria to evaluate an improvement of the efficiency of the new dyes: the electronic absorption spectra (position and width of the first band and absorption threshold) and the position of the LUMO level related to the conduction band.
III. RESULTS

A. Electron-donating substituents in d position
The simulated absorption spectra from real-time TD-DFT calculations for adsorbed D1, D2, and D3 dyes are shown in Figure 3 (left). Adsorbed NKX-2311 absorption spectrum has been included for comparison. The D1 and D3 spectra show a profile very similar to the NKX-2311 one; they present a main intense band with a small shoulder at higher energies and the main peak maximum almost in the same position. On the other hand, for D2, the introduction of a -NH 2 group in d position produces a redshift of about 0.1 eV on the absorption maximum position and also a redshift on the absorption threshold compared to NKX-2311, extending absorption into the visible region.
For adsorbed D1 and D3, both excitations and orbital schemes are very similar to those for NKX-2311, which was described in detail in a previous work. 29 In general, for these three adsorbed systems, molecular orbitals are either completely localized on the cluster or fully localized on the dye molecule. However, for the adsorbed D2, more mixing between cluster and dye orbitals is observed and every virtual orbital shows some contribution from the cluster. The LUMO+7 orbital corresponds to the LUMO of the free dye and it is delocalized over the whole system (Figure 4 ), while for NKX-2311, D1, and D3, this orbital has no contribution from the cluster. From here on, for each system, we will use the name LUMO* (or L*) to refer to the orbital of the adsorbed system, which is more similar to the LUMO orbital of the free dye. The adsorbed D2 spectrum presents a main wide band centered at 2 eV with a small shoulder at lower energy (centered at 1.7 eV). This shoulder corresponds to an excitation from the HOMO orbital, fully localized on the molecule, to LUMO+13 (Figure 4) , an orbital fully localized on the cluster (Table II) . However, in this band, there are minor contributions from the LUMO+7 (LUMO*) and LUMO+8 orbitals, both delocalized over the whole system. The main band includes several excitations from HOMO orbital to different virtual orbitals; some of them delocalized over the cluster and others delocalized over the whole system, such as LUMO*.
To complete the analysis, the HOMO and LUMO* energies for the four adsorbed dyes have been represented in Figure 3 (right). In this representation, the LUMO orbital energy has been set to zero. The LUMO orbital is, for every system, an orbital fully localized on the cluster and very similar to the same orbital of the free cluster. In consequence, the zero value corresponds to the lower edge of the semiconductor conduction band.
For all modified dyes, the gap between HOMO and LUMO is smaller than for the unsubstituted dye. The dif- ference with NKX-2311 HOMO-LUMO energy gap is rather small for D3 (less than 0.05 eV) and bigger for D2 (0.25 eV), reflecting so an important redshift for the absorption maximum for D2. The decrease in the HOMO-LUMO energy gap is due to a destabilization of the HOMO orbital, which is maximum for D2. Moreover, for the three dyes, LUMO* orbital is less stable than for NKX-2311. This destabilization is small for D1 and D3 (0.06 eV) but it is more important for D2 (about 0.1 eV).
The higher the LUMO* orbital is located in the semiconductor conduction band, the more efficient the electron injection is. Regarding this criterion, we might only expect a noticeable improvement of the efficiency for the D2 dye. For this dye, LUMO* is located higher related to the lower edge of the TiO 2 conduction band, so it is located in a zone where the effective density of states is higher. This makes the electron injection easier and it also explains that there is more mixing between the cluster and dye orbitals for this dye.
B. Substituents with steric effect
We have introduced into the NKX-2311 molecule the groups -CH 2 -CH 2 -CH 2 -(1) and -CH 2 -HC = CH-(2). These groups bind to two different C atoms of NKX-2311, leading to the formation of a new ring in the molecule. The introduction of the first substituent (-CH 2 -CH 2 -CH 2 -) does not produce important changes in the electronic structure or the electronic spectrum of NKX-2311. The position of the absorption maximum remains almost unaltered for AB1 and BC1 and is slightly blue-shifted for CE1 ( Figure 5 left).
The main contribution to the first band and the orbital scheme are also very similar to those for NKX-2311. AB1 presents a HOMO-LUMO* energy gap slightly smaller than NKX-2311 and both HOMO and LUMO* are slightly more unstable than those for adsorbed NKX-2311 ones ( Figure 5 right) . However, differences are too small to predict an improvement of the cell efficiency. For BC1 and CE1, the LUMO destabilization is more important (0.11-0.13 eV), which would favor electronic injection, but it entails an increase of the energy gap between the HOMO and LUMO* orbitals, which is disadvantageous for the light harvesting process. Therefore, the criteria do not permit to predict an improvement of the cell efficiency using these new sensitizers. Nevertheless, the introduction of a new ring in the molecule could prevent dye aggregation, which would lead to an improvement of the cell efficiency. Since our model contains only one dye molecule, we cannot study aggregation effects in this work.
On the other hand, the introduction of the second substituent (-CH 2 -HC=CH-) produces important changes in the electronic absorption spectra: the position of the absorption maximum redshifts about 0.2 eV for the three new dyes (AB2, BC2, and CE2). For the three dyes, the spectrum presents a main band with a very similar shape; it is centred at 1.95 eV and has a small shoulder at lower energies (Figure 6 left) . While introducing a new ring in the molecule, this substituent introduces also a new double bond, which expands the π conjugation in the dye, responsible for the redshift and the absorption widening in the visible region, desirable for sunlight harvesting.
Nevertheless, at higher energies there are some differences between the spectra. In adsorbed NKX-2311 spectra, there is a small shoulder of the main band at 2.8 eV. This shoulder is slightly more intense for adsorbed AB2 and it becomes an intense well-resolved peak for BC2 and CE2.
The assignments of the more intense electronic excitations for adsorbed CE2 dye spectrum are shown in Table III . The spectrum shows a main band centered at about 1.9 eV, which presents a small shoulder at lower energy centered at 1.6 eV. The main contribution to this shoulder corresponds to an excitation from the HOMO orbital, fully localized on the molecule, to the LUMO+8, an orbital delocalized over the whole cluster, but with an appreciable molecule contribution. The main band includes several excitations from the HOMO FIG. 6 . Simulated real-time TD-DFT spectra (left) and HOMO and LUMO* energies (right) for adsorbed NKX-2311, AB2, BC2, and CE2. In the energy scheme, the orbital energies have been shifted to set the zero energy to the lower edge of the semiconductor conduction band. orbital to different orbitals fully localized in the cluster, without any molecular contribution (LUMO+13, LUMO+15). Nevertheless, all excitations with noticeable intensity have a relatively important contribution of the excitation from the HOMO to the LUMO+5 orbital. The latter corresponds to the LUMO of the free dye (LUMO*), although it has a considerable contribution from the cluster. Representative frontier occupied and virtual molecular orbitals of adsorbed CE2 are shown in Figure 7 . The HOMO-LUMO* energy gap for AB2, BC2, and CE2 is smaller than for NKX-2311 (Figure 6 right) . The expansion of the π conjugation in the dye produces a destabilization of the HOMO orbital. For BC2 and CE2, the LUMO* orbital is also less stable than for NKX-2311, which makes the electron injection process easier for these two new dyes. Combining the different criteria, we predict that introducing a -CH 2 -HC=CH-group in the molecule could lead to an improvement in the cell efficiency, being the most promising dye CE2, because it combines the bigger redshift of the spectrum maximum position and absorption threshold with a more important HOMO destabilization and with a higher LUMO* orbital related to the lower edge of the semiconductor conduction band. 
IV. CONCLUSIONS
In summary, in this work, we show how we can employ the electronic absorption spectra (position and width of the first band and absorption threshold) and the position of the LUMO level related to the conduction band as criteria to evaluate the efficiency of new coumarin based dyes. We have introduced several functional groups in the NKX-2311 molecule with the aim of improving its efficiency as DSSC sensitizer. The introduction of a -NH 2 group in d position could lead to an efficiency improvement due to an important HOMO destabilization and a slightly LUMO destabilization, which produces a redshift of the absorption maximum position and the absorption threshold. The introduction of -CH 2 -CH 2 -CH 2 -does not introduce significant changes in the electronic structure of NKX-2311, but it could prevent the formation of aggregates. Finally, -CH 2 -HC=CH-produces important changes both in the electronic spectrum and in the electronic structure of the dye, and we might expect an improvement of the cell efficiency for AB2, BC2, and CE2. In particular, the CE2 would be the most promising dye, because it combines a redshift in the spectrum with a bigger HOMO destabilization and a bigger energy gap between LUMO* and the edge of the semiconductor conduction band. 
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